On average during the SEN years, sharp increases occurred in the discharges in the north central area of the PC and decreases in the remaining discharge stations that were analyzed, while in the years of MEN events, these changes show different responses than those of the SEN. During the years classified as La Niña, positive changes are mostly observed in the majority of the stations in the rivers located in the center of Peru's Pacific Coast. Another important result of this work is that the Ilave River (south of the Titicaca watershed) shows higher positive (negative) impacts during La Niña (El Niño) years, a fact that is not clearly seen in the rivers of the northern part of the Titicaca watershed (Ramis and Huancane rivers).
Introduction
Strong El Niño Southern Oscillation (ENSO) events like 1982-1983 and 1997-1998 have induced the greatest impacts on the Peruvian economy as a result of the disasters caused by the floods and droughts. Thus, according to OPS (2000) , direct losses caused by ENSO extreme events during 1997-1998 were estimated at US$ 1000 million, of which 800 million were estimated for the northern PC as a result of heavy rains, and 200 million were estimated for the southern Andes region due to the effects of droughts. The economic impact of these disasters was reflected in a significant reduction of the gross domestic product (GDP) up to 12 %.
The ENSO phenomenon is a primary mode of seasonal climatic variability, mainly in the tropics (Ropelewski and Halpert, 1987) . The ENSO is a warming of the tropical Pacific Ocean and it has a great influence on weather patterns in several parts of the world.
In normal conditions, a mass of warm surface water extends into the westernmost part of the tropical Pacific Ocean, while the ocean surface is cooler on the Ecuadorian and northern Peruvian coast. This distribution of water is caused by the east-westerly trade winds (that prevail in this part of the Ocean) running east to west and drag warm surface water westward. This shift allows surface water and cold deep water to surface off the coast of South America (Humboldt Current). This current carries nutrients from the bottom; fish populations grow and form good fishing in this area. However, with every cycle of this shift (∼ from 4 to 8 yr), the system of trade winds weakens while the mass of water is heated 3 to 7 • C higher than normal. This phenomenon, which involves changes in the ocean and the atmosphere, is known as El Niño, while contrary anomalies described above are known as La Niña.
The impacts of the ENSO have been linked to hydroclimatic anomalies around the world. A complete analysis by Chiew and McMahon (2002) indicates a clear relationship between ENSO and river discharges: regionally significant and consistent teleconnections between ENSO and discharges are identified in Australia and New Zealand, South and Central America, and moderately significant signals are identified in parts of Africa and North America. Studies of the ENSO impacts on the river discharges along the Peruvian territory are documented mainly for the rivers of the northern Pacific Peruvian coast, where the strongest impacts have been recorded during the years 1982 -1983 and 1997 (OPS, 2000 . During these years, floods took place in northern Peru (Waylen and Caviedes, 1986; Waylen and Poveda, 2002) . The Cordillera Blanca, with glacial contribution to discharge into the Santa River basin (located in the central Pacific coast of Peru), shows Glacier Mass Balance (GMB) characterized by the ENSO events (Vuille et al., 2008) . Thus, there is a negative GMB during the warm phase of ENSO (El Niño) and values above the mean GMB during the cold phase (La Niña). However, the relationship between ENSO and GMB is characterized by occasional "fall breaks", especially since the early 1970s, where El Niño is associated with values above the average GMB and La Niña with negative GMB values.
Recently, Espinoza et al. (2009) carried out a study of river discharge fluctuations over the Amazon basin, using some stations located in Peruvian territory, and showed (using a principal component analysis) that the first mode of discharge variability of several rivers in the Amazonas region is related to more (less) flow during the La Niña (El Niño) event.
Considering the economic and social ENSO impacts on the Peruvian territory and due to the limited number of studies, the National Meteorology and Hydrology Service of Peru, SENAMHI (www.senamhi.gob.pe) conducts research on the "Hydrological impacts of El Niño and La Niña in Peru". This paper aims at describing for the first time the ENSO impacts on discharge regimes throughout the Peruvian territory. Comparing to the work by Espinoza et al. (2009) , in this study we use a more detailed data set of discharges over Peru.
Data

Southern Oscillation Index (SOI)
The index used to characterize the El Niño and La Niña events for the present study is the Southern Oscillation Index (SOI), obtained from the Australian National Climate Centre (http://www.bom.gov.au). This index is widely used to characterize the ENSO (Xu et al., 2004) . The SOI is estimated using the differences in monthly values of air pressure between Tahiti (about 150 • W, 18 • S) and Darwin (approximately 130 • E, 13 • S). In the literature there are various methods to estimate the SOI, but it has been proved that the difference between these methods is very small (Kawamura et al., 1998) . The method used in this study is the Troup SOI, which is defined as the difference in the anomaly standardized value of sea level pressure (MSLP) between Tahiti and Darwin, expressed as follows: 
Discharges
Watersheds across the Peruvian territory are distinguished due to the presence of the Andes Cordillera. The rivers that drain into the Pacific Ocean are characterized by steep slopes, they are not very long, and their rainfall and discharge peaks occur simultaneously. The rivers that flow into the Amazon River are characterized by steep slopes in the Andes and near-zero slopes in the Amazon lowlands, where they have large drainage areas. The rainfall peaks occur two months before the discharge peaks in the Amazon plains and simultaneously in the Andes, which depend on the catchments size. The Titicaca endorheic drainage is characterized by mean slopes, and because it is located in the highlands, the average response between rainfall and discharge peaks is one month.
In the present study, 20 stations with discharge data at monthly step were used: 14 stations at rivers flowing into the Pacific Coast (PC), 3 into the Titicaca Lake (TL) and 3 into the Amazonas (AM). This information was provided by the SENAMHI, except for the information from the Tabatinga station (AQ-3), which is from the National Water Agency of Brazil (www.ana.gov.br). The discharge data were analyzed and completed, providing that correlations between neighboring stations had a significance rate above 95 %. The discharge data period used in this study goes from September 1968 to August 2006. Table 1 shows the stations used in this study and their main characteristics, and Fig. 1 describes the spatial location of these hydrometric stations. The rivers in the TL have a specific average discharge of 5 L seg −1 km −2 ; and from the rivers located in the AM, one is in the Andean region (Mantaro River) with a specific discharge of 5 L seg −1 km −2 and the other two are located in the Amazon lowlands (Tamshiyacu and Tabatinga on the Amazon River) with an average specific discharge of 43 L seg −1 km −2 . For comparisons with the SOI, the normalized discharge anomalies for each month were estimated according to
where Z ij is the normalized anomaly value of the discharges from a given i station for a j month (i = 1,2,...,30; j = 1,2,...,12), Q ij is the monthly discharge from the i station for our period of analysis and σ i is the standard deviation of the monthly discharge from the i station during the same period. In order to obtain more qualitative classification of the ENSO impacts on river discharge, the strong El Niño (SEN) years (SEN 1982 (SEN /83, 1991 (SEN /92 and 1997 were classified for SOI values lower than −10; the moderate El Niño (MEN) years (MEN 1972 (MEN /73, 1977 (MEN /78, 1986 (MEN /87, 1987 (MEN /88, 1992 (MEN /93, 1993 (MEN /94, 1994 (MEN /95, 2002 (MEN /03 and 2004 were classified for SOI values between −10 and −5; normal (N) years included values between −5 and 5. Strong La Niña (SLN 1970 (SLN /71, 1973 (SLN /74, 1975 (SLN /76 and 1988 were classified for (MLN 1974 (MLN /75, 1998 (MLN /99, 1999 (MLN /00 and 2000 for values between 5 and 10. Table 2 shows mean characteristics of monthly discharges for the whole historical series and for the SEN, MEN, N, SLN and MLN years. Figure 2 shows a spatial representation of the results. The main results can be described by event as follows:
Impacts on discharge during the El Niño, La Niña and normal (N) years
Impacts on the mean statistics
-During SEN years, strong floods are clearly observed, especially in the rivers of the northern Pacific coast (PQ-1 to PQ-6), with changes of up to approximately +200 % in PQ-4; the rivers of the central and south Pacific (PQ-7 to PQ-14) as well as the rivers in the Titicaca and Amazon watershed show a decrease in their discharge during SEN years; the largest decrease occurred in TQ-3 with up to −75 % and the smallest decrease occurred in AQ-2 and AQ-3, consistent with previous studies (i.e. Aceituno and Montecinos (1993) in the highlands; Marengo et al. (1998) in the northern Pacific; and Espinoza et al. (2009) in the Amazon basin).
-During MEN years, several responses can be evidenced; in the PC, negative anomalies of the mean rates are observed in the rivers of the northern (PQ-1 to PQ-4) up to −30 % in PQ-4, as well as for the rivers PQ-6, PQ-9 to PQ-14 and TQ-3. For the later, the anomaly reaches −20 %. The PQ-5, PQ-7, PQ-8, TQ-1, TQ-2 rivers and the three rivers located in the AM show positive changes, but with values that do not exceed +5 % change rate.
-During SLN and MLN years, some positive changes are observed in their mean values in all the rivers that were analyzed; the changes were more pronounced during MLN years with values of +66 % in PQ-3, +47 in PQ-11, +88 % in PQ-13 and +41 % in TQ-3 (Table 2) .
Impacts on monthly discharges
The behavior of the monthly historical average discharge in the analyzed stations showed unimodal characteristics with a period for maximum overflow in the months of February and March in all the stations except for the stations located in the Amazon Plains (AQ-2 and AQ-3), in which maximum overflow occurred in April and May. Using the same methodology as in the previous section, we present in Fig. 3 the changes during the El Niño years (SEN and MEN), normal (N) years and La Niña years (SLN and MLN) . In this figure, we can observe that -During SEN years, the same rivers which present the largest positive changes in their mean value (PQ-1 to PQ-6, see above section) show the greatest changes for the months of December and January, reaching an increase of more than 400 % in PQ-4. From PQ-1 to PQ-4, positive changes were constant from December to May. The other rivers of the PC, the TL and the AM mostly show negative changes during the SEN events; thus, the largest negative changes occurred during the months of February and March, except for the rivers located in the Amazon Plain (AQ-2 and AQ-3), which showed the greatest changes in August. Among these rivers, PQ-13 (February) and TQ-3 (March) are the ones that showed the major negative changes, −93 % and −89 %, respectively.
-During MEN years, the rivers that show greater positive changes in SEN years in their monthly values (December-May) (e.g. PQ-1 and PQ-4) show negative changes during these months, reaching −57 % in March in PQ-4. The same behavior was observed in other analyzed stations, i.e. negative changes during the MEN events. In short, during the El Niño events (SEN and MEN), it is observed that the SEN years had the greatest positive changes/anomalies for the rivers of the northern part of the PC, while all the other rivers exhibited negative anomalies in their discharge rate. The more important changes take place in the southern part of the PC (with PQ-13 Sama River as the most intense) and in the TL (with TQ-3 Ilave River as the most intense), while the MEN years are characterized by mostly negative changes in all the analyzed rivers.
-During the SLN and the MLN, similar behaviors are observed (see Fig. 3 ). La Niña years are characterized by showing mostly positive changes in the river discharge in Peru. They occurred mainly during flood periods marked with positive anomalies in the MLN years, consistent in TQ-3 in the TL and in all the rivers of the AM.
Conclusions and perspectives
For the first time a study on the impact of El Niño and La Niña events on the hydrology of Peru has been carried out using 20 discharge stations distributed in three drainages regions of Peru: 14 in the Pacific Coast (PC), 3 in the Lake Titicaca (TL) and 3 in the Amazonas (AM). The studied period is from 1968 to 2006. Based on our results, we can conclude the following:
-It can be clearly observed that during SEN years, there are sharp increases in the river discharges in the northern part of the PC, as previously reported in the literature (Waylen and Caviedes, 1986; Wells, 1987; Waylen and Poveda, 2002 and others) . Here we show that such relationship between river discharge and ENSO is altered during MEN years; in particular, the discharges are reduced (negative anomalies) during MEN years in the southern part of the PC, the TL and AM being these anomalies, similar to MEN years in the southern PC and in the southern TL (Ilave River) during El Niño years.
-During La Niña years, the stations data indicate a similar variability over the whole Peruvian territory, showing positive anomalies, except in the PC were negative anomalies can be observed in the central area during SLN years.
-Investigating the seasonal evolution of the anomalies in river discharges, we note that major changes during the ENSO events occur during the wet season, namely January-March in the PC and TL, and from May to August in the rivers of the Amazon floodplain.
-Noteworthy are the 3 rivers in the TL: the Ilave River (TQ-3) located in the southern TL exhibits a comparable variability with more (less) discharge during La Niña years (El Niño), which is not observed with the other two rivers located in the northern TL.
-Overall, our results indicate that the rivers in the southern PC, TL and AM have less (more) discharge during the El Niño (La Niña) years, which is consistent with Aceituno and Montecinos (1993) , Marengo et al. (1998) , Dettinger et al. (2000) , Espinoza et al. (2009) and some others. However, in the AM, several recent works (see Ronchail et al., 2002; Espinoza et al., 2009; Yoon and Zeng, 2010; Espinoza et al., 2011) describe the strong influence of tropical North Atlantic SST on hydrology into the western Amazon Basin. Thus, while tropical North Atlantic SST is warmer than usual, less rainfall and discharge is noticed in the western Amazon during austral winter and spring. For this reason, a further study on this topic taking into account the ENSO and the Atlantic influences will be undertaken in the future.
